The effect of B chromosomes on the process of spermatogenesis was studied in the mottled grasshopper Myrmeleotettix maculatus using light and electron microscopy. Dissections of the whole male reproductive system were stained in feulgen and scored for a variety of abnormalities, particularly in the process of organisation of sperm bundles. Many ultrastructural abnormalities were observed in the process of spermatid elongation. These problems were much more frequent in individuals with B chromosomes and caused the loss of sperm from bundles. It is suggested that B chromosomes may preferentially cause the dysfunction of spermatids carrying them and thereby produce the loss in inheritance observed in crosses. The number of sperm bundles produced decreases markedly with age.
INTRODUCTION
B chromosomes occur in a wide range of species and affect many aspects of the phenotype (see Jones and Rees, 1982 for review). They are not usually inherited in strict Mendelian ratios, and often have accumulation mechanisms which boost their frequencies when transmitted to the next generation. In well studied systems it has been shown that this tendency to increase is offset by other losses in transmission or through selection at some stage in the life cycle, and this can produce stable polymorphisms.
The mottled grasshopper Myrmeleotettix maculatus has a B-chromosome polymorphism in populations from southern Britain in which the frequency of the B is increased when transmitted by the female but decreased when transmitted by the male (Hewitt 1973 (Hewitt a, 1973b . The meiotic drive in the female is caused by the B-chromosome being distributed preferentially to the inner pole of the spindle of the 1st meiotic division in the oocyte (Hewitt 1976) . In the male the B chromosome is mitotically stable and behaves normally in meiosis. Consequently, it would seem that the loss observed in male B chromosome transmission (drag) must occur after meiosis, i.e., during spermiogenesis, sperm storage and fertilisation. The loss could not occur after this since it was possible to karyotype nearly all the eggs produced when the embryos were only a few days old. It was noticed using standard squash preparations that certain abnormal spermatid nuclei were more frequent in individuals with B-chromosomes, but the frequency was far too low to account for the loss observed (Hewitt 1973a) . Several reports indicate that the process of spermatogenesis is sensitive to genetic and environmental variation. We therefore decided to examine it in detail (c. f Roosen Runge 1977 , Dumser 1980 . Spermatogenesis has been studied in some detail in Drosophila (see Lindsley and Tokuyasu 1980 for review) but is much less completely described in other insects. A general review of the male reproductive tract in insects, including Orthoptera, is given by Davey (1985) , the general morphology of the reproductive system in grasshoppers is given by Uvarov (1966) . There have been many chromosomal studies using Orthoptera which concentrate on just a part of spermatogenesis-usually meiosis (c.f Lewis 1965, Hewitt 1979) and there have been electron microscope investigations of certain aspects of sperm ultrastructure and development (Phillips 1970 , Kaye and McMaster-Kaye 1975 , Szollosi 1975 , 1976a .
In order to gauge the nature and extent of any effect B chromosomes might have on spermatogenesis it was first necessary to obtain a general description of the whole process in Myrmeleotettix maculatus. This was followed by an assessment of the differences in reproductive systems in individuals with one or more B chromosomes including an examination of the ultrastructure of abnormalities of the developing sperm.
MATERIALS AND METHODS
To examine the whole male reproductive tract, each individual was pinned through the thorax and the tip of the abdomen into a wax dish. A long cut was made along the mid-dorsal line being careful not to disturb the underlying structures. The whole body was then perfused with fresh 3: 1 Ethanol: Acetic fixative. This procedure ensured that the testis follicles, vasa deferentia, accessory glands and sperm storage organs suffered minimum disturbance before fixation. Cuts were then made around the abdomen so that the walls could be pinned back. The reproductive tract was then dissected intact under a Nachet stereo microscope; considerable care was necessary with the vasa deferentia because they are fragile and descend into the abdominal tissues making them difficult to remove unbroken. More fixative was added as required. These tracts can be stored for months in fixative in the fridge.
The staining method we found best for differentiating the spermatids with minimum disruption to their arrangement within the tract was to hydrolyse for 5 minutes in iN HC1 at 60°C and stain with Feulgen for 30 minutes in the dark. This softened the tissues so that when the whole system was mounted on a slide in 45 per cent acetic acid it could be gently pressed under a coverslip to display the organisation of the spermatocytes, spermatids and sperm within the tract. One or two follicles can be mounted in the same way and pressed harder for more detailed analysis of their contents and for counting spermatids. The Feulgen stained the chromatin preferentially and gave very clear pictures of the nuclei. Slides were examined using low power and high power oil immersion Zeiss optics and photographs taken with a Nikon camera system.
To examine the ultrastructure of sperm development the testis follicles were combed out in saline and fixed in 4 per cent gluteraldehyde in 02 M cacodylate buffer pH 72. They were rinsed with 0'l M phosphate buffer and stained with 0s04
(O'l g/lOml phosphate buffer) for 1 hour. They were then dehydrated in an increasing concentration of acetone to 90 per cent, then stained with uranylacetate (a saturated solution in 100 per cent acetone) for 1 hour in darkness, followed by three further changes of 100 per cent acetone. Each follicle was separately embedded in firm Spurr's resin. Longitudinal or transverse sections were cut on an LKB MkIl ultramicrotome using glass knives (nominal angle 55°) coated with tungsten. Thick sections (1 p) were cut first, stained with toluidine blue and examined by light microscopy in order to locate the region of interest. Thin sections (450 A) were then cut for electron microscopy, collected on Formvar-coated grids and examined under a Phillips electron microscope.
Initially, individuals were used from the field and from stocks reared in the laboratory with OB, lB or 2B karyotypes to gain an overall picture of spermatogenesis in M. maculatus, and also to identify which structures, stages and parameters would be best to quantify and analyse in detail. It became clear that factors other than B karyotype such as age could be affecting the process. Consequently, the main experiment to be analysed here used males collected through the season from one population at Lakenheath Warren (Hewitt and Brown 1970) , which were fixed at four different times after becoming adult. Individuals with and without Bs were included on all four occasions.
Some testes of Locusta migratoria were also fixed and examined under the electron microscope to allow comparison with the stages described by Szollosi (1975) .
OBSERVATIONS AND RESULTS
The testes in M. maculatus are of the intermediate variety (Uvarov 1966) . The left and right bundles of follicles each discharge into their own vas deferens, both of which run back to the ejaculatory apparatus from which radiates the accessory gland tubules and the left and right sperm storage organs.
A composite picture of a whole system stained with Feulgen is given in fig. 1 . Fig. 2 shows a single follicle from an OH individual.
At the apex of each follicle each stem cell divides asymmetrically to give a primary spermatogonium which then divides mitotically to produce cysts that normally contain 128 (2) secondary spermatogonial cells, These growing cysts advance down the follicle and somewhat less than a quarter of the follicle is filled by these premeiotic mitoses. The cysts are frequently hexagonal in shape. They then go through the two divisions of meiosis (spermatocytes) to produce 512 (2) spermatids per cyst.
These young spermatids then differentiate in synchrony from being round to the characteristic long nucleus at the head with a long tail. Many divided into 10 stages by Szollosi (1975) fo:r morphological and biochemical changes occur These bundles move away from the bulb at the blind apex of the vas deferens towards the ejaculatory duct from where they enter the seminal vesicle for storage.
There are a number of abnormalities and disruptions which were observed in this well ordered process particularly in individuals with B chromosomes (figs I and 3). In the top third of the follicle the progression of cysts may be disordered. Indeed, even mature bundles of sperm can be seen out of place in this region. Occasionally, a whole cyst appears to degenerate and the chromosomes become sticky in meiosis. One can see mis-shapen spermatids with the light microscope and in some bundles the developing spermatids are not tightly held in the cap at their acrosomes. Some of these spermatids do not align with the others in the bundle and become stragglers; these accumulate at the base of the follicle while those that remain attached normally form well ordered tresses. The stragglers can apparently block the outlet to the vas deferens in a badly affected individual. Some of the bundles which do pass from the follicle in affected individuals look smaller than normal and occasionally a few stragglers can be seen in the vas deferens ( fig. 3 ).
Under the electron microscope the abnor- On the other hand, the number of bundles produced is not altered by the presence of B chromosomes, so the factors governing the rates of apical and premeiotic mitoses are probably not affected (ci Lindsley and Tokuyasu 1980) . As the grasshopper gets older fewer bundles are produced, that is there is no "steady state" and the rate of production is declining throughout adult life. Increasing age also brings more loose sperm in the follicle, but not a higher proportion of small bundles and bundles with stragglers. Table 2 Analysis of variance of data in Table 1 The significant interaction terms between B chromosomes and Date are produced by differences between the age samples in the effects of the karyotypes. There is considerable variation between individuals and the process of spermiogenesis would seem to be affected by other factors both genetic and environmental, e.g., Szollosi (1976a, b) has shown how temperature affects spermiogenesis in locusts. One possibility to explain some of the interaction effect could be that individuals with OB, lB or 2B karyotypes mature and age at different rates. Thus whilst all individuals are of similar chronological age B individuals may be "younger" at the beginning of the experiment but "age" more quickly than OB individuals in terms of their spermiogenesis. We have some evidence for different rates of development in embryonic and nymphal stages, and for different adult survivals between B karoytypes (Hewitt and East 1978 , Harvey and Hewitt 1979 , Hewitt 1973b .
It is pertinent to ask just how the B chromosome is producing this array of effects which appears to be an increase in the abnormalities seen to a lesser extent in OB individuals. These include abnormalities of nuclear and microorganellar ultrastructure, spermatids not attaching by their heads and coming loose from the bundles and problems with bundle transport. The abnormalities seen under the electron microscope are particularly apparent when the cytoplasm is being sloughed away in the later stages of spermiogenesis. But the signal for this may be well in advance of this time and produce the visible result by a sequence of events (Lindsley and Tokuyasu 1982) . Now B chromosomes are known to modify meiotic processes such as recombination Hewitt 1965, Jones and Rees 1982) and this may affect later stages of spermiogenesis. Peacock and Miklos (1973) suggested a "pairing-abnormal" spermatid hypothesis from information on Drosophila. Miklos (1974) extended this to include the B chromosome system of M. maculatus since the level of non-disjunction (caused by no chiasmata) was correlated with the loss of B's in the progeny. The disruption we have observed in spermiogenesis may be the linking mechanism.
On the other hand, B's are known to affect an individual's development in a number of ways so that the animal's whole testicular physiology may be somewhat unbalanced. It is possible that such a general effect may produce the abnormalities rather than a specific effect at meiosis.
Of particular importance is the possibility that the B chromosomes are producing the abnor- Perhaps a more likely possibility is that the B chromosome interferes in the extensive molecular and structural rearrangements that occur in the nucleus of the developing spermatid (Kaye and McMaster-Kaye 1975) . In particular, it has been shown in the segregation distorter (SD) system in Drosophila melanogaster using a fluorescent dye that the dysfunctional sperm are those which do not make the normal change from somatic to spermatid-specific histones in spermiogenesis (Hauschteck-Jungen and Hartl 1982) . Interestingly, it has been demonstrated that B chromosomes have a different DNA-protein relationship from autosomes in some plants (Jones and Rees 1982) and this may cause problems in histone transition during spermiogenesis.
Clearly, the presence of B chromosomes is causing sperm dysgenesis which may well account for the loss of B's in transmission through the male side in crosses (Hewitt 1973a) . To prove conclusively that the abnormal sperm are those that contamed B chromosomes would require a specific probe for B chromosome DNA and as yet this is not available. However, we do have some correlative evidence which supports this hypothesis. In another series of experiments (Hewitt and East, unpublished) involving some 50 single pair crosses to determine the transmission rates of B chromosomes, follicles were taken for EM analysis from the surviving males. For three of these, which were lB males mated with OB females, we have data on the average number of spermatids per bundle from EM sections and B-transmission rate, and there is a correlation between the two measures. (Transmission: Spermatids per bundle, 0-70: 399, 0-48 : 294, 0-05 : 220) . These data are sparse-they are difficult to acquire-but they suggest that B chromosomes are lost by causing the preferential dysfunction of the spermatids that carry them. Even though the presence of B chromosomes reduces the number of sperm produced, particularly in 2B and 3B individuals, it is difficult to gauge the effect of this on fertility. Each sperm bundle contains more than enough sperm to fertilise all the eggs a female lays in her lifetime, and a spermatophore transfers many bundles at a single mating. Therefore B chromosomes will not be important to male fertility for a single mating. However, it is becoming clear that female grasshoppers can mate several times (Butlin, Hewitt, Mason and Ritchie unpublished) and consequently the nature and extent of sperm competition will decide what loss of male fecundity the B chromosomes cause. It could be very significant.
